Abstract: In this work, a pulsed wavelength-tunable Brillouin fiber laser based on a Fourierdomain mode-locking (FDML) source with a repetition rate of 4.2 kHz is presented. The tunable Brillouin laser is formed by a fiber-ring cavity (for the Stokes signal amplification) within a primary fiber-ring cavity for generating an FDML signal. The primary cavity is formed by an erbium-doped fiber amplifier and a fiber Fabry-Perot filter (FFP-F) as the gain medium and the tunable optical bandpass filter, respectively. A spectral laser tuning range of 2.54 nm centered in 1531 nm was achieved by adjusting the offset voltage of the FFP-F, while a variation, from 0.282 to 0.462 nm, on the Brillouin linewidth of the laser was achieved by setting the amplitude of a modulation signal applied in the FFP-F. A laser pulsewidth of 6.50 s was measured, and an output power of À7 dBm was achieved.
Introduction
Brillouin fiber-ring cavity laser is a well-known laser configuration that has been intensively studied due to important features such as a narrow linewidth, low threshold power, gain quality of the nonlinear effect, and the easy experimental configuration [1] - [4] . These characteristics can be used for developing applications such as multiline lasers for temperature sensing [5] or gyroscopes [6] . The wavelength backward emitted corresponds to the Brillouin frequency shift ð B Þ from a given pump, in the order of ten gigahertz for 1550 nm, which is affected by physical and optical parameters of the optical fiber. A usual way for implementing this kind of lasers uses a distributed feedback (DBF) diode laser as the pumping source. In some applications, it is desirable to tune this wavelength, but the wavelength of DFB lasers can only be tuned about 5 Â 10 À2 nm= C and 5 Â 10 À4 nm/mA, limiting the wavelength range of the Brillouin laser operation. On the other hand, the Fourier domain mode-locking (FDML) laser has recently become an attractive and powerful light source method, since the FDML laser allows high speed and broadband optical frequency sweeps [7] - [10] : features that are useful in areas such as optical coherent tomography (OCT) [7] and in optical fiber sensing [10] , [11] . The implementation of FDML lasers is typically made by using a large gain medium and a narrowband optical filter. Some options for implementing the gain medium are the semiconductor optical amplifiers (SOAs) [7] , the erbiumdoped fiber amplifiers (EDFAs) [12] , the Raman amplifiers [13] , or the hybrid EDFA and optical parametric amplifiers [14] . Nonetheless, most of these configurations have been addressed to enhance the gain media and to avoid effects such as stimulated Brillouin scattering into the ringcavity [14] .
Based on all the features above mentioned, it is really interesting to take advantage of both techniques and combine them, i.e., the Brillouin scattering and the mode-locking laser, for generating pulsed lasers with a high repetition rate, a broadband range and a set of Brillouin frequency shifts per pulse. Thus, a pulsed and wavelength-tunable Brillouin fiber laser pumped by an FDML source is proposed and experimentally demonstrated in this paper. The tunable laser here presented is basically formed by two fiber-ring cavities, a primary fiber-ring cavity, where the FDML signal is generated, and a secondary fiber-ring cavity, within the primary fiber-ring, which is used for amplifying the spontaneous Stokes signal caused by the FDML source.
Operation Principle of the Brillouin Laser FDML System Based
An FDML laser based on fiber-ring geometry consists of a fiber closed path with a gain medium, a tunable optical bandpass filter (TBPF), and a dispersion managed delay. The narrowband optical filter is tuned periodically at the cavity round-trip time rt ¼ d þ tf þ tg , which mostly depends on the delay time d (related to the effective length of the fiber used as delay medium), the time tf that light takes to pass through the TBPF, and the time tg to pass through the gain medium. This tuning produces a quasi-stationary mode of operation. Thus, light from one frequency sweep propagates through the cavity and returns to the filter at the exact time when the transmission window of the optical band-pass filter is tuned to the same optical frequency. Therefore, light from the previous round-trip is coupled back to the gain medium, and the lasing does not have to build up from spontaneous emission.
The narrowband TBPF dissipates almost no energy because the back-coupled light contains only frequencies that are matched to the transmission window filter in each moment. In frequency domain, this requires destructive interference of all longitudinal modes that are not transmitted through the narrowband filter at a given time. Thus, the phases of the longitudinal modes must be locked. The laser output is not a train of short pulses; instead, it is a train of frequency sweeps or highly chirped, long pulses. The tunable narrowband filtering is equivalent to an infinite number of narrowband amplitude modulators that are slightly out of phase. Thus, spontaneous Brillouin scattering inside the ring-cavity can be generated, provided that the circulating power is above the threshold value, or that the delaying-fiber is long enough to reduce the threshold power. Besides, if the Brillouin scattering is self-reinforced with a ring-cavity, the Stokes generation will be more efficient and the emitted light will be related to the pump light from the FDML laser. In the case here exposed, a long delaying-fiber and a self-reinforced fiber-ring cavity were chosen for developing the laser.
A schematic diagram for describing the Brillouin-FDML laser is shown in Fig. 1 . The path formed by the gain medium, the TBFP, and the delaying fiber constitutes the fiber-ring cavity for the FDML source. This cavity length ðL FDML ¼ c rt =nÞ depends on the cavity roundtrip and the light velocity ðc=nÞ and defines the optical roundtrip frequency that drives the TBPF. Light dispersion must be minimized so that different frequencies (or wavelengths) within the frequency sweep will propagate with the same roundtrip time; by using a Bdispersion managed[ delay, this condition is successfully accomplished. A fiber Fabry-Perot tunable filter (FFP-TF) can be used as the TBFP, which has simple structure and excellent optical properties. The wavelength 0 in the FFP-TF is selected by setting a bias voltage tuning V Bias ð 0 / V Bias Þ; then, the wavelength in the FDML ring-cavity can be easily tuned over a large range Á range . The wavelength range is mostly limited by the gain medium.
Here, the FFP-TF is driven by a sinusoidal signal V m sinð2f d t Þ (driven frequency f d ), with half frequency of the roundtrip frequency ðf rt ¼ 2f d Þ, because the values of wavelength selected by the FFP-TF at the first quadrant of sinð2f d t ) are the same selected at its second quadrant (see Fig. 2 ). This driven signal also defines the linewidth Á of the FDML laser by the expression
where, C is a constant that relates the wavelength of the laser and the voltage in the FFP-TF; V m is the amplitude of the sinusoidal signal; t 1 and t 0 are the time where the driven signal is maximized and minimized, respectively. If t 0 is equal to ð1=4f d Þ and
that is a multiple of the FFP-TF band-pass ðÞ. When V m ¼ 0, Á is not zero, it is equal to (see Fig. 2 ).
Experimental Details
To demonstrate the correct functioning of the Brillouin laser fed by an FDML system, the experimental setup is depicted in Fig. 3 . This setup was implemented by using a fiber Fabry-Perot filter FFP-TF2 (Micron Optics Inc.), an EDFA BT17 (Photonetics Inc.) working in the C-band, $18.5 km of single mode optical fiber, a polarization controller PC to compensate the polarization into the cavity, an Agilent generator 32250A, and a voltage source HP-E3631A. 80% of the circulating power of the Brillouin laser was taken out of the cavity. One half of this optical signal was directly monitored with an optical spectrum analyzer (OSA) Anritsu MS9030A, the other part was detected by a photodetector HP11982A for measuring the Brillouin frequency shift by using an electrical spectrum analyzer ESA HP-8562A. The insertion of circulators in points C1 and C2 into the FDML fiber-cavity (see Fig. 1 ) allowed that the spontaneous Stokes scattering, which is generated in the optical fiber (used also as delaying fiber), could be re-injected as a contra-propagating seed for reinforcing the Brillouin scattering in the secondary cavity. This cavity was compounded by the path traced for the delaying fiber, ports 2, 3 of C1 and ports 1, 2 of C2. The non-transmitted pump power to the Stokes was guided by circulator 2 to the FFP-TF filter to complete the circulating process of light in the FDML system. It is observed that the gain of the inset Brillouin fiber ring-laser is affected by the linewidth of the pump source, in this case, the FDML laser.
A center wavelength of 1530 nm was chosen for the experiments by setting V Bias on the FFP-TF. The first step before generating any Stokes signal was to find the driven frequency for the FDML laser. It was done by disconnecting port 3 of C1 and port 1 of C2; the f d of this particular case was measured at 5.025 kHz. Once the FDML laser performance was maximized by setting the correct f d , the ring-cavity for the Stokes signal was closed, and the gain of the EDFA was increased for overpassing the Brillouin threshold ($9 dBm). In order to guarantee that the Brillouin scattering was being generated effectively, the process was measured in point A of Fig. 3 when the port 1 of C2 was connected and disconnected; the results of the Brillouin scattering generation are displayed in Fig. 4. 
Results
The tuning capability of the Brillouin-FDML laser was observed by measuring the output at point A (see Fig. 3 ) with an input power of 11.8 dBm and V m of 12.75 mV. Fig. 5 shows the spectra of the Stokes laser as function of V Bias applied on the FFP-TF. A tuning range of 200 mV was used to obtain a Á range of 2.54 nm. In this case, the wavelength range is limited by the gain medium: the EDFA, which does not have a flat gain range all over the C-band. This range could be enlarged for example by using a SOA instead of an EDFA. The Brillouin frequency spectra were measured Fig. 4 . Measurements of the output optical signal at points A and B (marked in Fig. 3 ). Data are obtained for the cases when the port 1, of circulator C2, is connected and disconnected. The input power to the FDML ring-cavity was set at 9 dBm. simultaneously with the Stokes signal of Fig. 5 , and they are presented in Fig. 6 . Hence, the tuning variation of the B is also demonstrated.
Behavior of laser linewidth using eq. (1) and experimental data are showed in Fig. 7 . The linewidth Á measured for the experimental setup presented in Fig. 3 goes from 0.282 nm to 0.462 nm in a range of 25 mV. Despite that the value for V m ¼ 25 mV is 30% smaller than the expected value, it is in concordance with a reduction of $29.4% in the output power, since the input power, which is the same in all the cases, must be spread in a larger Á, reducing the output intensity and then the measured linewidth.
Finally, a temporal pulse output of the laser is expected, since the FDML laser output is a frequency swept that can also be seen as a sequence of highly chirped, long pulses with a fixed phase relation between successive frequency sweeps. However, the repetition rate of this Stokes pulses is not necessarily equal to the half driven frequency. It depends on the fiber length L (the cavity) and the longitude of the backscatter path, the distance that travels the light before being reinjected as the stimulating signal (EDC in Figs. 1 and 3.) . If the length EDC is equal to the fiber length, both pulses, the pump and the stimulated, will coincide in the middle point of the fiber F ; otherwise, this encounter will be shifted as well as its frequency. The output Stokes pulses were measured replacing the ESA by the oscilloscope, and the data are depicted in Fig. 8 . The figure shows the pulse measured for six different driven frequencies, defining the maximum work point of the Stokes pulses and the width of the pulse, 6.5 s for 5 kHz to 0.9 s for 5.2 kHz and no pulse for frequencies 9 5.5 kHz and G 4.9 kHz. The repetition rate of the Stokes pulses was measured in 4.92 kHz; this value is invariant of the driven frequency.
Conclusion
In summary, a pulsed and wavelength-tunable Brillouin fiber laser fed by an FDML source was proposed and demonstrated. The tunable laser uses two ring-cavities: One is for the Stokes signal amplification and the other, or the primary fiber-ring cavity, for generating the FDML signal. The pulsed wavelength-tunable Brillouin-FDML fiber laser was implemented using an FFP-TF; an EDFA as the gain medium, working in the C-band; and a standard optical fiber with a length of 18.5 km. These conditions allowed a pulsed Stokes laser, with a repetition rate of 4.2 kHz, center in 1531 nm, with a laser tuning range of 2.54 nm around the central wavelength, by tuning the offset voltage applied to the FFP-F. Additionally, a pulse width of 6.5 s was measured, with a signal to noise rate of 10 dB. This pulse is not generated by electrical components. The work here presented offers the possibility of developing a pulsed Brillouin Stokes laser, which can be tuning over a large wavelength range, compact and stable configuration that is coherent with a tuning pump source.
